Total blood volume, red cell mass and plasma volume have been determined with radiochromium in subjects with congestive heart failure, before and after treatment. All functions were significantly increased during the congestive state and all decreased as compensation was achieved. The magnitude of the hypervolemia and the changes incident to treatment were apparently related to alterations in heart size. Selective expansion of the plasma volume was not encountered.
Total blood volume, red cell mass and plasma volume have been determined with radiochromium in subjects with congestive heart failure, before and after treatment. All functions were significantly increased during the congestive state and all decreased as compensation was achieved. The magnitude of the hypervolemia and the changes incident to treatment were apparently related to alterations in heart size. Selective expansion of the plasma volume was not encountered.
T HE effect of congestive heart failure on total blood volume and circulating red cell mass remains a matter of considerable controversy. Studies with T-1824 dye'-4 have yielded uniformly increased values, but the accuracy of the method has been vigorously challenged by Peters,' Ross,6 and others.7-'0 It is likely that these measurements include an expanded lymphatic space, thereby yielding falsely high values. On the other hand, measurements utilizing radiophosphorous-labeled red cells6 11-13 have yielded conflicting results, but the instability of the P32-red cell complex does not permit prolonged equilibration periods and is perhaps not accurate in subjects with congestive heart failure.
Determination of total blood volume and red cell mass utilizing radiochromium-tagged red cells as a reference avoids the above defects. The objection to the dye method would not pertain, and the stability of the Cr"l-red cell complex permits prolonged periods for equilibration. Thus, Sterling and Gray'4 established the constancy of the measured red cell mass for a 24-hour period, and similar observations have been made in our laboratory. '5 The present study was undertaken to elucidate the problem of changes in blood volume From the Department of Internal Medicine of the Southwestern Medical School of the University of Texas, and the Medical Service and Radioisotope Unit of the Veterans Administration Hospital, Dallas, Tex. 902 in patients with congestive heart failure by the application of the radiochromium technic. Blood volumes were determined in the congestive state and again after optimum compensation had been achieved. The results were analyzed in the following ways: Comparisons were made between the pretreatment and post-treatment values and between these values and those of a group of 20 normal subjects. In this way information was provided regarding the intravascular volume in congestive heart failure and the changes which might occur following treatment. In addition, the results in patients with varying degrees of congestive failure were analysed separately.
MATERIAL AND METHODS Twenty-seven patients with congestive heart failure were studied. The diagnosis was established when the characteristic history of heart disease and heart failure was elicited and the physical findings of pulmonary congestion, edema, cardiac enlargement, hepatomegaly, and venous distention were present. Following clinical evaluation, the initial blood volume was determined. Appropriate therapy was then initiated; digitalis alone was first administered; diuretic measures were added if necessary. Response to treatment was carefully noted, and the determination of blood volume was repeated after optimum compensation had been achieved.
The pertinent clinical information is summarized in table 1. The patients were divided into categories according to the severity and duration of their disease. Preliminary observations indicated consistent group differences of sufficient magnitude to justify the classification. The patients with congestive heart failure of "mild" degree had, in the main, only Circulation, Volume X, December, 1954 modest quantities of edema and had been sympto-but responded rather slowly. The patients with matic for a period of only several months. These "severe" congestive heart failure were either those patients responded promptly to digitalis and re-with massive edema who required aggressive diuretic quired neither diuretic measures nor rigid salt therapy or patients who were in a fairly steady state restriction. Patients with congestive failure of but who required intermittent mercurial injections "moderate" degree were somewhat more edematous to remain edema-free. The majority of these severely and had experienced repeated episodes of decompendecompensated patients had been ill for several sation; they could still be treated with digitalis alone years, had experienced repeated episodes of con-gestive failure and were now considered to have reached the point where actual "compensation" was no longer possible. Eight of the 11 patients in this group have since died. Blood Volume. Blood volume was measured by the method of Sterling and Gray'4 as modified in our laboratory15; the patients were at complete bed rest during the entire procedure. Sixty-five cc. of whole venous blood were separated by centrifugation. The red cells were incubated with gentle agitation at 37 C. for one hour with 300 microcuries of Cr"l (Na2Cr"104). After three washings, the labeled red cells were mixed with the original plasma, and 45 cc. of the reconstituted whole blood were injected intravenously. The initial venous blood sample was withdrawn without stasis three hours later, and the blood volume was calculated by dividing the total counts injected by the counts per cubic centimeter of the three-hour sample. Whole blood samples were counted for 15 minutes in a Texas Deep Well Counter. Circulating red cell mass was estimated by multiplying the total blood volume by the venous hematocrit. The plasma volume was the difference between the total blood volume and the red cell mass.
The accuracy of the procedure used to measure the blood volume requires comment. In repeated studies on normal subjects the error of the blood volume determination was found to be less than 4 per cent. To avoid changes induced by this variation, particular attention will be devoted to alterations greater than 10 per cent. Values expressed as cubic centimeters per kilogram were calculated on the basis of the ultimate edema-free weight for the reason that edema fluid merely represents an increment in the extracellular fluid compartment and does not contribute to true body mass.
The plasma volume was not measured directly because direct measurements of this space depend on the use of labeled protein as a reference substance. Since the protein thus labeled penetrates into the lymphatic system, the volume of distribution of labeled protein includes not only the plasma space but a fraction of the extravascular space as well. In normal subjects during a rigid steady state this extravascular penetration may be of small magnitude and constant in amount. However, Peters' has emphasized that the vascular tree may be more pervious to protein during congestive heart failure, and it is likely that the volume and rate of flow in the lymphatic system would vary markedly, especially when salt is being retained or lost at rapid rates. Under these circumstances, measurements of the "labeled protein space" cannot be interpreted as representing plasma volume alone; the errors are such as to yield consistently false high values.
By estimating the plasma volume from the red cell mass and the venous hematocrit, the defects of a plasma label can be circumvented. This, of course, raises the question as to the validity of the venous hematocrit as an index of total body hematocrit. It has been shown by Chaplin, Mollison, and Vetterl6 that the ratio of venous hematocrit to total body hematocrit remains constant over wide variations in hematocrit range; further, they point out that the small vessel hematocrit would have to change markedly to induce serious errors in the total blood volume and plasma volume values. It is, therefore, the recommendation of this group that in congestive heart failure the plasma volume and total blood volume be estimated from the red cell mass and the venous hematocrit rather than from direct measurements of the plasma space.
Hematocrits. The packed cell volume was deter- 
RESULTS
The results are summarized in tables 2 and 3. In table 2, comparisons are made between the findings in patients with congestive heart failure (during decompensation and after compensation had been restored) and control subjects; values are expressed as cubic centimeters per kilogram, calculated on the basis of the "edema-free" weight. In table 3, comparisons are made between the pretreatment and post-treatment measurements; differences are expressed in cubic centimeters and as per cent change from the initial values.
Blood Volume, Red Cell Mass, and Plasma
Volume in Untreated and Treated Congestive Heart Failure, Compared with Normal Subjects Table 2 includes the mean values for the measured functions in the series of normal subjects. The range of values in the normal series is as follows: For blood volume, from 46 to 80 cc. per kilogram; for red cell mass, from 20.7 to 33.7 cc. per kilogram; for plasma volume, from 29.7 to 49.4 cc. per kilogram. As compared with normal subjects, the blood volume, red cell mass, and plasma volume were significantly expanded in subjects with severe congestive heart failure (p < 0.001). Following treatment, the measurements of blood volume, red cell mass, and plasma volume remained significantly greater than those of the normal group (p < 0.001), although all of In congestive heart failure of moderate degree the measurements of blood volume and red cell mass were significantly greater than normal (p < 0.01) prior to treatment, but the plasma volume values did not differ significantly from those of the normal group (p > 0.05). The nine "compensated" patients in this group did not differ significantly from the normal group in any of the measured functions (p > 0.05).
In subjects with mild congestive failure there was a significant increase in red cell mass (p < 0.05); otherwise, there were no significant differences from the normal group.
The mean values for blood volume, red cell mass, and plasma volume in the 27 subjects in the combined groups, both before and after treatment, were significantly greater than the values for the normal group. The p value for the blood volume difference was <0.001 prior to treatment and <0.01 following treatment; the p value for the red cell mass difference was <0.001, both before and after treatment; the p value for the plasma volume difference was <0.01 prior to treatment and was <0.05 following treatment.
Individual Comparisons of Blood Volume, Red
Cell Mass, and Plasma Volume Before and After Treatment Table 3 includes 22 patients who were studied before and after treatment. The actual pretreatment and post-treatment measurements in each individual are compared; the values are not referred to body mass and are not compared with those of the normal group. Roentgenographic changes in heart size are roughly quantitated and are included in this table for convenience.
In the severe failure group there was a significant (p < 0.01) decrease in red cell mass as compensation was restored; blood volume and plasma volume were not significantly altered. In the moderate group there was a significant decrease in the total blood volume (p < 0.05) and plasma volume (p < 0.05) and a significant increase in hematocrit (p < 0.05). In the mild group there was a significant decrease (p < 0.02) in red cell mass following treatment. In the combined groups-including all of the 22 patients studied before and after treatment-total blood volume, red cell mass and plasma volume decreased significantly (p < 0.001) as compensation was achieved.
DISCUSSION
The results of this study indicate that in congestive heart failure there is an expanded blood volume which may or may not decrease as compensation is achieved. Assuming the method to be accurate and the sample to be representative of the cardiac population, the crucial issues are the nature of the hypervolemia, the significance of the apparently progressive increase in blood volume as congestive failure becomes more severe, the discrepant effects of therapy on the volume of blood, and the role of hypervolemia in the pathogenesis of the disorder.
The nature of the hypervolemia is rather clearly defined. Comparison of 27 observations on "decompensated" patients with the normal group reveals that there was a 22 per cent increase in blood volume, a 25 per cent increase in red cell mass, and a 17 per cent increase in plasma volume. In every subject the red cell mass was greater than the mean for the normal group; in 12 instances the values exceeded the normal range. On the other hand, only seven measurements of plasma volume exceeded the normal range and five were less than the normal mean. It may be concluded, therefore, that there is no selective expansion of the plasma volume; the primary disorder is apparently an actual secondary polycythemia with inconsistent alterations in the volume of plasma.
The severity of the congestive process and the magnitude of the hypervolemia appeared to be definitely correlated. The expansion of the blood volume was not related to the quantity of edema fluid, the height of the venous pressure, or the etiology of the heart disease. However, both the severity of the congestive process and the magnitude of the increment in blood volume were paralleled by the degree of cardiac enlargement. In patients with congestive failure of mild degree the heart was only moderately enlarged; the mean value for blood volume in this group exceeded the mean for the normal group by 14 per cent. In patients with severe congestive failure the heart was markedly enlarged and the mean value for blood volume was 38 per cent greater than the normal mean. It is, therefore, sug-gested that the hypervolemia is related to the degree of cardiac enlargement, which probably reflects an increase in the capacity of the central vascular bed (heart, great vessels, and pulmonary vascular tree). The expansion of the blood volume and the manifestations of salt retention and venous distention were not related.
Changes in blood volume incident to the correction of the congestive state have never been satisfactorily elucidated. Measurements before and after treatment with T-1824 dye have consistently indicated a significant contraction of the blood volume as compensation was restored. Measurements with p32_ labeled red cells have yielded conflicting results.
Nylinll and Hedlundl3 reported definite shrinkage of the red cell mass after compensation was restored, whereas Ross and his group6 could demonstrate no significant alterations following treatment.
In the 22 subjects in the present series, studied during the congestive state and again after optimum compensation had been achieved, a significant decrease in blood volume occurred as compensation was restored. However, there was marked inconsistency in the alterations of the blood volume following treatment. In 50 per cent of the patients the blood volume remained unchanged, whereas in the remainder, treatment apparently induced decrements in blood volume of Considerable magnitude.
In nine subjects* the blood volume remained the same or increased slightly following treatment. Fivet of the nine patients died of progressive congestive heart failure after the completion of the study; in none of the five was there a decrease in heart size or complete relief of respiratory symptoms despite the apparent delivery of all edema fluid. In three patients the size of the heart remained unchanged following treatment, although the response to treatment was satisfactory. In one patient there was a prompt response to treatment aiid a definite decrease in heart size. It is apparent, then, that patients can be delivered of all of * Patients J.D., L.F., liM., AM., S.R., C.N.O., their edema and rendered essentially symptomfree with no change in blood volume if the heart size remains unchanged.
In nine subjectst the blood volume following treatment decreased 10 per cent or more. This included plasma volume and red cell mass in four instances and plasma volume alone in five. As opposed to the previous group, the response to therapy was salutary in every instance; a prompt diuresis, complete relief of respiratory symptoms, and a decrease in venous pressure to normal invariably ensued; a definite decrease inl heart size occurred in every instance.
A decrease in blood volume following treatment apparently occurs only when there is a decrease in the size of the heart. Disproportionate loss of plasma volume occurred in only 5 of the 22 subjects. The magnitude of the edema and the decrement in plasma volume were not correlated, as large volumes of edema fluid can be delivered without significant change in plasma volume. Selective loss of red cell mass was not encountered, although significant decrements did occur in conjunction with loss of plasma volume in four subjects. The fate of the "lost" red cells was not apparent, although one patient developed unexplained jaundice.
The results of this investigation lend support to the concept that hypervolemia is a secondary rather than primary feature of the congestive state. It has been suggested", 18 that in subjects with congestive heart failure the blood volume expands as a direct consequenice of the retention of sodium by the kidney; such a hypothesis implies that over short periods of time there occurs a selective expansion of the plasma volume during the congestive state with commensurate shrinkage as compensation is achieved. The results of this study fail to support this concept; instead, the red cell mass was found to be consistently and significantly increased, with variations in the degree of plasma volume expansion. apparently related to changes in the capacity of the "central reservoir," which includes the heart, the great vessels, and the pulmonary vascular tree. It is possible that expansion of this segment of the circulatory system "traps" sufficient blood to provide the stimulus for erythropoiesis. As the disorder progresses, there is further expansion of this "reservoir," as reflected by an increase in the size of the heart, eventuating in blood volume increments of considerable proportions. Digitalis may effectively reduce the size of the heart and, perhaps, the remainder of the central reservoir; this shrinkage in the vascular compartment is associated with a decrement in the volume of whole blood. On the other hand, when the heart size fails to decrease despite a prompt response to treatment, the volume of blood remains unchanged.
The results of this study, then, suggest that the primary factor leading to an increase in total blood volume is the stimulus for erythropoiesis caused by the expanded central reservoir, with plasma volume increasing in a secondary manner, rather than a primary expansion of plasma volume as a consequence of salt retention. CONCLUSIONS 1. Total blood volume, red cell mass, and plasma volume have been determined with radiochromium-labeled red cells in 26 patients with congestive heart failure. The patients were categorized as mild, moderate, or severe according to the duration, severity, and tractability of the congestive process.
2. Measurements of blood volume, red cell mass, and plasma volume in subjects with congestive heart failure exceeded the values for a group of normal subjects by 22 per cent, 25 per cent, and 17 per cent.
3. In patients with severe congestive heart failure the measurements of blood volume exceeded those of the normal group by 38 per cent; in the mild group the values exceeded those of the normal group by only 14 per cent. The magnitude of the hypervolemia was correlated with the degree of cardiac enlargement but not with the increase in venous pressure, etiology of the heart disease, or quantity of edema fluid. 4 . The circulating red cell mass was consistently expanded during the congestive state; selective expansion of the plasma volume was not encountered. 5. Following treatment, the blood volume decreased significantly in 50 per cent of the cases; shrinkage in blood volume occurred only in those subjects in whom the heart size decreased with treatment. 6 . The quantity of edema fluid was not correlated with the expansion of plasma volume prior to treatment or the decrease in plasma volume following treatment. ciento de los casos; encogimiento en el volumen sanguineo ocurrio solamente en aquellos sujetos en los cuales el tamafio del corazon disminuy6 con el tratamiento. 6 . La cantidad de fluido edematoso no correlaciono con la expansion del volumen plasmatico antes del tratamiento o al decremento en volumen plasmatico despues del tratamiento.
